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ABSTRACT
The dynamics of globular clusters has been studied in great detail in the context of
general relativity as well as with modifications of gravity that strongly depart from
the standard paradigm such as MOND. However, at present there are no studies
that aim to test the impact that less extreme modifications of gravity (e.g. models
constructed as alternatives to dark energy) have on the behaviour of globular clusters.
This Letter presents fits to the velocity dispersion profile of the cluster NGC 2419 under
the symmetron modified gravity model. The data shows an increase in the velocity
dispersion towards the centre of the cluster which could be difficult to explain within
general relativity. By finding the best fitting solution associated with the symmetron
model, we show that this tension does not exist in modified gravity. However, the best
fitting parameters give a model that is inconsistent with the dynamics of the Solar
System. Exploration of different screening mechanisms should give us the chance to
understand if it is possible to maintain the appealing properties of the symmetron
model when it comes to globular clusters and at the same time recover the Solar
System dynamics properly.
Key words: gravitation – cosmology:theory – cosmology:dark energy – cosmol-
ogy:dark matter – Galaxy: globular clusters: individual:NGC 2419 – Galaxy: kine-
matics and dynamics
1 INTRODUCTION
With few exceptions, the majority of the current data shows
that globular cluster are not immersed in dark matter ha-
los as usually considered to be the case with galaxies. This
unique characteristic reduces the number of parameters re-
quired to explain their dynamics and thus, makes them ideal
laboratories to test gravity. In the context of MOND, sev-
eral authors have shown the power of these objects to give
constraints on standard and modified gravity (MG) theo-
ries (Ibata et al. 2011a; Sanders 2012a,b; Ibata et al. 2011b;
Derakhshani 2014; Jordi et al. 2009; Gentile et al. 2010).
However, this power has not been exploited yet in the con-
text of modifications of gravity that are intended to explain
the accelerated expansion of the Universe. The aim of this
Letter is to fill this gap by studying the impact of a particu-
lar gravitational model on the velocity dispersion profile of a
specific globular cluster. Two complementary aspects of the
problem will be studied. Firstly, we will investigate if MG
can improve the fits of velocity dispersion profiles of clus-
ters in cases where standard gravity is in tension with the
? E-mail: claudio.llinares@durham.ac.uk
observations. Secondly, we want to understand if globular
clusters can be useful in constraining the parameter space
of modified gravity theories.
This Letter will deal with a particular gravitational
model: the symmetron model (Pietroni 2005; Olive &
Pospelov 2008; Hinterbichler & Khoury 2010). Nevertheless,
the results can be easily extrapolated to any model in which
a fifth force is present. The model includes a screening mech-
anism, which means that it has a general relativity (GR)
limit in high density regions and thus, it is able to pass Solar
System tests. At the same time the model includes a fifth
force in the dynamics of the systems on galactic and cos-
mological scales. As mentioned previously the model is not
intended to give an explanation for the dark matter content
of the universe, but belongs to a family of theories that give
a slight modification of gravity on the scales of galaxies and
beyond and is intended to provide an explanation for the
accelerated expansion of the Universe.
The target that will be used to carry our analysis is
the Milky Way globular cluster NGC 2419, which is lo-
cated about 80 kpc from the galactic center. From the mod-
ified gravity point of view, this large distance is an impor-
tant feature because, otherwise, the dynamics of the system
c© 2017 The Authors
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would be dominated by external field effects produced by the
galaxy itself. In other words, the scalar field will be screened
by our own galaxy for small galacto-centric distances and
thus, MG effects would not be measurable. The second rea-
son to study this cluster in particular is that there are good
measurements of its luminosity and velocity dispersion pro-
files (Ibata et al. 2011a), which will be necessary for our
analysis.
Fits to these observations were provided by Ibata et al.
(2011a) and Ibata et al. (2013) in a GR context. There it
was shown that GR underestimates the central velocity dis-
persion when the velocities are assumed to be isotropic. The
tension can be reduced by including anisotropic velocity dis-
persions or a dark matter component (Ibata et al. 2011a,
2013). In this Letter, we explore the possibility that MG can
help to improve the fit without invoking extra astrophysical
effects. As we do not know what the impact of modified grav-
ity will be in the predictions, we will assume the simplest
model for the cluster and thus keep the isotropy assumption.
A more detailed analysis including anisotropic velocities is
left for future work.
The Letter is organized as follows: Section 2 summarizes
a few aspects of the MG model that we consider. Section 3
describes the methodology used to obtain the best fit mod-
els. The results and conclusions are presented in Sections 4
and 5.
2 THE SYMMETRON MODEL
The symmetron model belongs to the family of scalar-tensor
theories and is defined by the following action:
S =
∫ √−g
[
M2p
2
R− 1
2
∇aφ∇aφ −V (φ)
]
d4x+SM(g˜ab,ψ) , (1)
where the scalar field φ is an extra degree of freedom which
will be responsible for the fifth force introduced by the
model. The Einstein and the Jordan frame metrics (gab and
g˜ab) are related according to
g˜ab = A
2(φ)gab, (2)
and the free potential and the conformal factor have the
following forms:
V (φ) =−1
2
µ2φ2 +
1
4
λφ4 +V0 (3)
A(φ) = 1+
1
2
(
φ
M
)2
, (4)
where µ and M are mass scales, λ is a dimensionless constant
and V0 is tuned to match the observed cosmological constant.
The analysis is made assuming a Minkowski background.
For numerical reasons, it is convenient to work with a
dimensionless scalar field χ ≡ φ/φ0, where φ0 is the expecta-
tion value that corresponds to ρ = 0:
φ0 =
µ√
λ
. (5)
It also helps to relate the three free parameters of the model,
(µ,λ ,M), to the Compton wavelength of the scalar field at
ρ = 0,
λ0 =
1√
2µ
, (6)
a dimensionless coupling constant,
β =
φ0Mpl
M2
, (7)
and the expansion factor at the time of the symmetry break-
ing,
a3SSB =
ρ0
ρSSB
=
ρ0
µ2M2
, (8)
where ρ0 is the background density of the Universe at red-
shift z = 0. This last parameter fixes the moment in the his-
tory of the Universe in which the MG effects are activated in
the background. For expansion factors smaller than aSSB (or
redshifts larger than its corresponding zSSB value), the scalar
field is completely screened and thus, there is no MG effect.
The opposite happens when the expansion factor becomes
larger that aSSB. The field equation for the dimensionless
scalar field χ is then
∇2χ =
1
2λ 20
[(
ρ
ρSSB
−1
)
χ +χ3
]
=
d
dχ
Veff(χ), (9)
where ρ is the Jordan frame matter density. From the form
of Veff(φ), one can see that the expectation value of the scalar
field vanishes at high matter densities, setting the conformal
factor A(φ) to unity, decoupling the scalar from the matter
and thus screening its effects. For low densities, the potential
develops two minima away from zero and thus, the scalar
field can adopt values different to zero and therefore, change
the dynamics of the systems.
The Solar System constraints on the model parameters
are the following:
λ0
a3/2SSB
. 10
−3c√
6ΩmH0
(10)
zSSB . 150, (11)
where c is the speed of light, Ωm is the background matter
density at redshift z = 0 and H0 is the Hubble constant. The
first constraint (Hinterbichler & Khoury 2010; Llinares &
Pogosian 2014) is based on the post-Newtonian parameter γ
that was measured by the Cassini experiment (Bertotti et al.
2003). The second constraint is a consequence of the fact
that the derivation of Eq. 10 assumes that the Milky Way
screens the scalar field at the position of the Sun. A proxy for
this condition can be determined by comparing the density
of symmetry breaking ρSSB with the density of the galaxy at
the position of the Solar System, which has been estimated,
for instance, by Irrgang et al. (2013). Model parameters for
which ρSSB is larger than the local density will not screen
the Solar System and thus will be excluded. This condition
is summarized by Eq. 11.
3 ANALYSIS
The analysis consists in finding the best fit model to the
observed velocity dispersion profile. While in this Letter we
are only interested in the velocity distribution, we will also
make use of luminosity information. The data used for the
fitting was presented in Ibata et al. (2011a). For the veloc-
ity dispersion profile we used the sample A+B presented
in that work. In order to construct the χ2 quantities that
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will be used for the fitting, we need a prediction for lumi-
nosity and velocity profiles for both standard and modified
gravity. In the Newtonian case, we assumed a King spher-
ical isotropic model (King 1966). The density and velocity
dispersion profiles were calculated as integrals of the King
phase space distribution function. The normalisation of the
fields as well as details of the calculation follow closely the
approach described by King (1966).
For the symmetron case we need to construct a self-
consistent model given by density and velocity distributions
that are compatible with this particular gravitational model.
For the density distribution, we choose the best fit King
model that was obtained with Newtonian gravity. In this
case, the King model does describe the dynamics of the sys-
tem, but is only a way of parametrising the density distribu-
tion. The model is then made self-consistent under modified
gravity by solving the Jeans equation (see for instance Bin-
ney & Tremaine (1987)) including the fifth force associated
to the symmetron model:
dσ2
dR
+
1
ρ
dρ
dR
σ2 +
dW
dR
= 0, (12)
where dW/dR is the total force:
dW
dR
=
dΦ
dR
+6H20Ω0
λ 20 β
2
a3SSB
χ
dχ
dR
, (13)
σ is the velocity dispersion profile and Φ is the gravitational
potential, which is solution of the standard Poisson’s equa-
tion. The required solution for χ(R) was obtained by solving
Eq. 9 numerically. The variables used during the integration
were again closely related to those described by King (1966).
The Newtonian model contains five free parameters: the
central value of the potential w0, which is normalised accord-
ing to King (1966), the mass of the cluster M, the core radius
rc, the distance to the cluster d and the mass-to-light ratio
ϒ. In order to simplify the fitting procedure, we fixed the
distance of the cluster to the value that was measured with
RR Lyrae variables by Ripepi et al. (2007): d = 83.2 kpc.
The mass to light ratio was fixed by calculating the total
luminosity from the observed luminosity profile and taking
into account the mass of the cluster. After making these sim-
plifications, we end up with only three free parameters: w0,
rc and M. The fit was made using a grid in the parameter
space to find the smallest χ2 value.
In the MG case, we need to fit also the three free param-
eters of the gravitational model (λ0,aSSB,β ). As previously
stated, this fit was made assuming the luminosity profile ob-
tained from the best Newtonian model. This fixes the param-
eters w0 and rc. The luminosity is independent of the mass
M (changes in M can be compensated by opposite changes in
ϒ), so we keep this parameter free for the MG analysis. This
is important since the increase in the velocity dispersion pro-
duced by the modifications to gravity can be compensated
in part by reducing the mass of the cluster. We found that
this can help to find a much better overall fit to the veloc-
ity profile. To summarise, the MG fit to the velocity profile
was made assuming four free parameters: (M,λ0,aSSB,β ). In
order to take into account the Solar System constraints, we
substitute the parameter aSSB by a new parameter ξ . The
relationship between these parameters was obtained from
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Figure 1. Observed velocity dispersion profile compared to the
best fit models for Newtonian gravity and the symmetron model.
The observed data is from Ibata et al. (2011a).
Eq. 10 and is given by:
aSSB =
1−Cλ 2/30
1−Cλ 2/30,min
ξ +
C(λ 2/30 −λ
2/3
0,min)
1−Cλ 2/30,min
, (14)
where we assumed that the maximum value that can be
reached by aSSB is 1 (i.e. today) and C is defined by C =
[(H0
√
6Ωm)/(10−3c)]2/3. The second constraint on the model
parameters given by Eq. 11 will be taken into account a
posteriori. The transformation given by Eq. 14 maps the al-
lowed region of the parameter space (according to Eq. 10)
to an area that lies inside a rectangle. The lowest value of
ξ used during the fitting procedure corresponds to the min-
imum value of aSSB allowed by the solar system given the
minimum value that was chosen for λ0. The upper bound-
ary of the domain is given by ξmax = aSSB,max = 1.
There is one final constraint that was included in the
parameter space. Bellazzini et al. (2012) provided limits on
the mass to light ratio which are based on stellar evolution
models: 1.2< ϒ< 1.7. Assuming the observed total luminos-
ity and a fixed value for the distance, we can translate these
constraints on ϒ to constraints on the total mass of the clus-
ter: 4.9× 105 < M/M < 6.9× 105. These constraints were
taken into account when minimising χ2. However, we found
that under these conditions, Newtonian gravity gives a very
poor fit to the data. For this reason, we increased the limits
on the mass only for this case (see Bellazzini et al. (2012) for
a discussion on this tension). Thus, we will compare the most
favourable situation for Newtonian gravity with the most re-
strictive for MG. Under these conditions, we will find that
MG can still give a better fit to the velocity data.
MNRAS 000, 1–6 (2017)
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Figure 2. Cuts in the parameter space of the symmetron model with planes that pass through the minimum χ2 value. The continuous
line corresponds to the value of reduced χ2 that was obtained with Newtonian gravity. Models lying in the region inside this curve give
an improved fit with respect to Newtonian gravity. See section 4 for further explanation.
4 RESULTS
Fig. 1 shows the velocity dispersion data points and the best
fit solutions obtained from the Newtonian and MG models.
The Newtonian model fails to explain the large increase in
the velocities towards the centre. On the other hand, the
fifth force can boost the velocities in the centre of the cluster
helping to explain the innermost point. A renormalisation of
the mass of the cluster can shift the whole profile to lower
values, providing also a better fit to the outermost point. The
best Newtonian and MG model parameters are (w0,M,rc) =
(7.25,1.027× 106 M,6.33 pc) and (M,λ0,aSSB,β ) = (5.21×
105M,11.5 pc,0.000236,1.41) respectively.
The minimum values of the reduced χ2 associated with
the velocity dispersion profile are 3.72 and 0.87 for Newto-
nian and MG models respectively. Here we take into account
the 6 data points and the 3 and 4 parameters used for the
fit in each case. While in the MG model case we used one
more free parameter, the χ2 values confirm what can be seen
by eye in Fig. 1: the MG model provides a better fit to the
velocity profile. In addition to this, the tension that exists
in the Newtonian gravity model related to the mass of the
cluster disappeared.
The distribution of χ2 values in the parameter space of
the symmetron model presents a complex structure, which is
shown in Fig. 2. The three panels correspond to three cuts in
the parameter space with planes that pass through the ab-
solute minimum of χ2. The colours represent the reduced χ2
associated with the symmetron fit and the red contour cor-
responds to the value of reduced χ2 that was obtained with
Newtonian gravity. All the model parameters that lie inside
this contour give an improved fit with respect to Newtonian
gravity. The rest of the parameter space appears divided
into two regions. The regions marked with “I” correspond
MNRAS 000, 1–6 (2017)
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to the Newtonian limit of the model, where the Newtonian
limit must be understood as defined by the present data. All
of the model parameters lying in this region give a negligi-
ble fifth force and thus, provide a velocity dispersion profile
which is equal to the one predicted by Newtonian gravity.
Note that the χ2 value in this region is higher than the χ2
value for the Newtonian model one only because the MG
model has one more free parameter. The region “II” corre-
sponds to models for which the fifth force becomes too large
and ruins the fit at all radii, giving much larger χ2 values.
The observations can not give an upper bound to the
coupling constant β . The reason for this is that the data
does not provide an upper bound for the central velocity
dispersion. The models with large β correspond to models
that provide a good fit to all of the observed points and at
the same time have a very large velocity dispersion in the
region that lies between the centre of the cluster and the
first data point. Observations of the turnover in the central
velocity dispersion profile will be necessary to determine an
upper bound to the coupling constant β .
While the fits presented here show that MG can give
a much better explanation of the inner velocity dispersion
profile, there is the problem that ξ has to be below 0.005 for
this to happen. This corresponds to a redshift of symmetry
breaking above the limit given by Eq. 11, and thus it is ruled
out by Solar System observations. So the cluster does not
rule out MG, but the regions of the parameter space that
provide improved fits to its internal dynamics are ruled out
by Solar System observations.
5 CONCLUSIONS
We have studied, for the first time, the impact of alterna-
tives to dark energy on the velocity dispersion profile of the
globular cluster NGC 2419. Our aim was to understand both
how these particular gravity models affect the velocity dis-
persion profile and what these observations can say about
the parameter space of MG models.
The globular cluster has a large galacto-centric distance
and thus, it is expected that its internal dynamics will not
be affected by the presence of the Milky Way. Furthermore,
the cluster is expected not to have a dark matter compo-
nent. This makes this object an ideal laboratory to study
non-linear theories for gravity which include screening mech-
anisms. Observations of the velocity dispersion profile (Ibata
et al. 2011a) show an increase of the velocity towards the
centre of the globular cluster which may be difficult to ex-
plain with standard gravity when the velocities are assumed
to be isotropic. Here we present fits to these observations
within the context of the symmetron MG model. The model
is a scalar tensor theory that includes a screening mecha-
nism which allows it to pass Solar System tests; at the same
time it gives rise to a fifth force that could affect the dynam-
ics of globular clusters. We found that the presence of the
scalar field can boost the velocities in the centre of the glob-
ular cluster and thus provides a much better fit than with
Newtonian gravity. Furthermore, we found that the mass of
the globular cluster that corresponds to the best MG model
is consistent with the observed mass-to-light ratio, which is
not the case for Newtonian gravity.
The typical model parameters used in cosmological
studies of the symmetron model (Davis et al. 2012; Llinares
et al. 2014; Llinares & Mota 2014; Hagala et al. 2016) cor-
respond to a scalar field that is switched-on at late times
(zSSB ∼ 1) and a vacuum Compton wavelength λ0 of the or-
der of 1 Mpc/h. In contrast, we found here a scalar field that
is activated at early times (zSSB 1) and has a much smaller
vacuum range λ0. Note that this new regime has been stud-
ied by Llinares & Pogosian (2014), where it was shown that
a symmetron field with these values can give rise to high en-
ergy cosmological domain walls which should be observable
in the cosmological data. While the phenomenology associ-
ated with the symmetron field is very rich in this regime,
the required model parameters do not allow the screening
mechanism to suppress the scalar field in the inner part of
the galaxy and thus, Solar System tests can not be passed.
Different screening mechanisms (e.g. chameleon, Vanshtein,
etc.) should be studied before accepting that this result can
be generalized to all MG theories.
The effects of MG are maximal at the centre of the glob-
ular cluster. Increasing the number of data points in this
region will be crucial to give an upper bound to the cou-
pling constant of the theory. Future advances in astronom-
etry such as the incoming Micado instrument in ELT will
make possible to obtain accurate measurements of the or-
bital structure of globular clusters. This will in turn make
possible to develop novel tests for the symmetron and similar
models.
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